Abstract that the techniques he employed probably did not allow a clear visualization of the organelle. The breakthrough Over the last century, the Golgi apparatus has was made when Camillo Golgi invented a method which attracted the attention of researchers world-wide. This allowed him to visualize an apparato reticolare interno in highly variable and polymorphic organelle plays a centa sharp contrast with other cellular components, and ral role in intracellular membrane traffic. Not only does demonstrated that this organelle was a component of a it receive all the secretory material and membrane wide variety of cells from different tissues (Golgi, 1898). synthesized by the endoplasmic reticulum and modi-
Introduction
as ultra-rapid freeze-fixation combined with freezeOne hundred years of analysis substitution or deep-etch replication techniques has greatly improved the quality of cellular structural preserexpected that such technology will soon be successfully applied to plant secretory systems. A paper reporting targeting of the green fluorescent protein to the plant Golgi has recently been accepted for publication (Boevink et al., 1998) . Isolation of the GA presents some formidable technical difficulties ( Whaley, 1975) . However, a combination of protein characterization by mass spectrometry after separation on 2D gels with the analysis of sequence databases avoids some of the problems associated with GA purification and will permit the identification of marker Golgi proteins (as described by P Dupree; http://www.bio.cam.ac.uk/dept/biochem/UTOs/Dupree. html ).
Molecular cloning has revealed the structure of many Golgi proteins in yeast and mammals. Homologues of some of them have been identified in plants (mainly in Arabidopsis thaliana), suggesting that the basic principles genomic sequences in the public databases (Newman et al., 1994; Cooke et al., 1996) now facilitates further identification of the plant homologues of mammalian and yeast proteins by database searching. However, the number of proteins identified in plants participating in intracellular membrane traffic is not yet sufficient to determine the extent to which transport mechanisms are conserved. In addition, the plant Golgi is likely to possess specific proteins (for example, regulatory ones, such as participating in hormone perception and signal transduction), and they may escape identification by approaches based on homology searches and yeast complementation screens.
A number of pharmacological agents have also proved to be useful in studying the plant GA, such as monensin (which has various moderately specific effects on GA function; Zhang et al., 1996) , cyclopiazonic acid (an inhibitor of Ca2+-ATPases; Hö ftberger et al., 1995) and brefeldin A (a fungal toxin with a poorly understood mechanism of action; Satiat-Jeunemaitre et al., 1996; Staehelin and Driouich, 1997) . 
Spatial organization

Why does a cell need a Golgi apparatus?
vesicles and tubules at the trans-face ( T ) and the close association with a tubule of endoplasmic reticulum ( ER) with the cis-face. The material Prokaryotes have no GA and use the prokaryote-specific was post-fixed in a zinc iodide/osmium tetroxide mixture to impregnate selectively the endomembrane system. Bar=100 nm.
sec system and signal recognition particle-dependent translocation mechanism, situated on the plasma membrane, to secrete proteins (Schekman, 1994; Wolin, 1994) . More recently, techniques that permit the in vivo study of Golgi activity using green fluorescent protein tagged Eukaryotes, on the other hand, have a complex intracellular traffic system in which the GA plays a central role. marker proteins are starting to reveal new aspects of protein flow through the mammalian secretory pathway
The presence of GA in eukaryotic cells permits a higher level of sorting, modification and targeting of secreted (Presley et al., 1997; Scales et al., 1997) . It should be materials commensurate with complex subcellular trans direction (Robinson and Kristen, 1982) . The extent compartmentalization and with the diversity of functions of this polarization is cell type-specific (Staehelin et al., of cells and tissues in multicellular organisms. 1990 ). An hypothesis for the origin of GA has been presented The mechanisms which shape the GA architecture are by Becker and Melkonian (1996) . In most prokaryotes, not known. Although the basic morphological features biosynthesis of membrane proteins and lipids, as well as of GA are qualitatively similar, various species and cells attachment of the single chromosome, are associated with may be characterized by the different number of Golgi the plasma membrane. In eukaryotes, these are functions stacks per cell, from one in Chlamydomonas to several of the ER/nuclear envelope, which is postulated to have hundreds in maize root cap cells or even thousands in arisen by invagination of a specialized part of the plasma giant fibre cells in cotton ( Walne, 1967; Mollenhauer and membrane. Loss of continuity between the ER/nuclear Morré, 1994; Driouich and Staehelin, 1997) . The number envelope and the plasma membrane required a transfer of cisternae per stack can also vary significantly, from system between the two compartments which resulted in 5-7 in the root cap cells (Mollenhauer and Morré, 1994 ) the evolution of a GA. Interestingly, the lipid composition to approximately 30 in Euglena (Becker and Melkonian, of the ER membrane resembles that of a prokaryotic 1996). The number of cisternae in a stack and/or the plasma membrane (Becker and Melkonian, 1996) . The number of stacks per cell can also change depending on diversity and complexity of form and function of GA are the physiological conditions (Iijima and Kono, 1992) , on then suggested to result from the optimization of this the stage of development, or on the changes in cellular basic system. function. Thus, in the cells of maize root cap, the onset of the intense secretory phase is preceded by a considerStacks and cisternae able increase in the number and the size of Golgi stacks (Mollenhauer, 1965a) . These cells are specialized and not GA architecture has been described in most detail for a programmed to undergo further mitosis; therefore, the limited number of particular systems such as algae changes in Golgi morphology in this case are likely to be (Becker and Melkonian, 1996) and secreting root cap controlled by the functional needs of the cell. Similar cells (Mollenhauer and Morré, 1994) ; detailed comparobservations have been made for meristematic cells underison between polysaccharide-and protein-secreting cells going differentiation into root cap cells in Nicotiana and can also be found in the literature (Juniper et al., 1982) .
Arabidopsis (Staehelin et al., 1990) , and also for the slimeGolgi stacks are polarized structures, i.e. the morphosecreting Drosophyllum cells, where the number of stacks logy of cisternae and enzymatic activities change gradually per cell increases with the gland maturation (Schnepf and from the cis to the trans face: the cisternal width decreases, Bush, 1976 ). An earlier work suggested that, in general, while the intercisternal width, the density of intercisternal elements and polysaccharide content increase in a cis to the number of cisternae per stack decreases with increasing secretory activity (Schnepf, 1969) . It has also Several candidate structural components of intercisternal elements have been proposed (discussed by Barr been demonstrated that Golgi stack productivity can vary between growing cells and non-growing secreting cells.
and Warren, 1996) including (i) oligomers of the oligosaccharide processing enzymes (which can also play a role Thus, in terms of area of vesicle membrane produced, pollen tip Golgi produce approximately five times more in the retention of these enzymes in the GA, see below); (ii) a family of GA proteins identified as autoantigens in membrane per unit area of cisternum than do the Golgi of a heavily secreting maize root cap cells which some autoimmune diseases (giantin, golgin and several other related proteins which are thought to contain produces fewer larger product filled vesicles (Steer and regions of coiled-coil similar to the rod domain of O'Driscoll, 1991). Some observations indicate that Golgi myosin), and (iii) cytoskeleton proteins (spectrin, ankyrin, architecture may also be controlled by genetically comitin). Plant proteins related to golgin and giantin determined developmental programmes. In colchicinecan be detected by dbEST searching (Andreeva et al., treated Chlamydomonas, the number of Golgi stacks unpublished observations), however their functions and (which is normally one per cell ) increases proportionally intracellular localization are not known. Spectrin has to the number of genomic copies and decreases with the been detected in Chlamydomonas (Lorenz et al., 1995) recovery of the cells ( Walne, 1967) .
and pea (Bisikirska and Sikorski, 1997) . In mammalian cells, Golgi stacks are connected by tubules (Mollenhauer and Morré, 1994; Cole et al., 1996) , Mobility of the Golgi apparatus and lateral diffusion of lipids and of chimaeric GFPcontaining proteins has been observed between Golgi While in mammalian cells Golgi stacks are localized in a stacks in vivo (Cole et al., 1996) . At least in some cases, juxtanuclear position, their position in plant cells genertubular networks associated with the Golgi and clearly ally seems irregular. However, at least in some situations, distinct from the ER have been demonstrated in plant they apparently move to a location where their activity cells (Mollenhauer and Morré, 1994;  Harris and Oparka, is needed. One example of such mobility is the organiza-1983). Harris and Oparka (1983) have described tubular tion of Golgi stacks near the growing cell plate at the interconnections between the GA and ER in mung bean end of mitosis. In mammalian cells, microtubules are cotyledons, which may link ER directly not only to the essential for the maintenance of global GA architecture cis, but also to the trans face. Whether this tubular in the cell, but not of its stacked structure (Barr and network may connect Golgi stacks with each other, is not Warren, 1996) . Depolymerization of microtubules (either firmly established. Since, in plants, different stacks are in prophase or as a result of addition of depolymerizing dispersed through the cytoplasm either as single units or agents such as nocodazole) leads to the dispersal of as small clusters, plant Golgi stacks are generally considGolgi stacks throughout the cytoplasm (Griffing, 1991) , ered as functionally independent (Staehelin and Moore, resulting in a phenotype similar to the situation in plant 1995).
cells. Repolymerization of microtubules (either in telophase or upon removal of a depolymerizing agent) is Integrity of Golgi stacks followed by the relocation of Golgi stacks to the juxtanuclear region. In plant cells, microtubules appear not to Different cisternae of the same Golgi stack are interconplay such a role, and their depolymerization has no effect nected by filaments of unknown nature spaced regularly on the distribution of Golgi stacks. along adjacent cisternae (reviewed by Barr and Warren, In plants, the spatial organization of the GA is likely 1996). In plant cells, intercisternal elements were discoto depend on actin and possibly actin-binding proteins, vered in maize root cells by Mollenhauer (1965b) and in such as spectrin and myosin-like proteins (see above). Nitella by Turner and Whaley (1965) . According to This is supported by observations of aggregation and Staehelin et al. (1990) , they are present only between clustering of Golgi stacks in the presence of actintrans cisternae of cells which are or will be actively disrupting agents such as cytochalasin (Mollenhauer and involved in slime synthesis, but not in the meristematic Morré, 1976; Satiat-Jeunemaitre et al., 1996) . Individual cells. These elements are also observed in some (but not Golgi stacks can probably be carried by cytoplasmic all ) suspension-cultured cells (Driouich et al., 1994) . In streaming, and it seems reasonable to suggest that the early works, the intercisternal elements were suggested to surrounding actin filaments participate in providing be necessary for maintenance of the flattened shape of co-ordination between them and the ER. the cisternae, but not for their stacking ( Kristen, 1978, and references therein) . However, at least in animal cells, Golgi apparatus in mitosis proteolysis of intercisternal elements is paralleled by unstacking of Golgi cisternae (Cluett and Brown, 1992) .
Following the depolymerization of microtubules and GA Intracisternal elements have also been reported (Franke dispersion during prophase, the mammalian GA vesiculates by a complex mechanism involving continuous et al., 1972) . The Golgi apparatus 1285 budding of COPI coated vesicles (60-65% of the GA Function membranes), as well as by a COPI-independent mechanPlant GA as a 'complex polysaccharide factory' ism (Misteli and Waren, 1995 and Morré, 1978) ; the mechanism of this vesiculation is transferase gene has yet to be published. Nevertheless, unknown. The persistence of the Golgi stacks during the availability of antibodies against polysaccharide prodmitosis in plant cells is probably due to necessity for a ucts allowed the development of models of polysaccharide functional GA in anaphase, when the cell plate starts to synthesis in the plant GA, at least for two main classes form (Staehelin and Hepler, 1996) , while in animal cells of polysaccharides synthesized by dicotyledons, namely the GA is not functional during mitosis.
polygalacturonic acid/rhamnogalacturonan I and xyloThe question then to be asked is how and when does glucan (Driouich and Staehelin, 1997) . plant GA replicate? The process of GA division is best N-and O-glycosylation of proteins occur in the GA of studied in some algae where the number of Golgi stacks both animal and plant cells. While the early steps of is small. The data available for Micrasterias and N-glycosylation are very similar in mammalian and plant Closterium (Noguchi, 1983 (Noguchi, , 1988 indicate that the GA, the terminal residues in plant N-glycans differ: they number of cisternae per stack is the same before and after contain a-1,3 fucose instead of a-1,6 fucose in mammals, cytokinesis, while the diameter of the stacks approxib-1,2 xylose is found in plant glycans while N-acetylneuramately halves. In Closterium, Golgi stacks begin to divide minic acid is not (Faye et al., 1992) . Composition of synchronously (and at the same time as the chloroplast) sugars used in O-glycans is also different in plants and at a premitotic stage, and duplicate in number before mammals and, in addition to Ser and Thr, hydroxyproline cytokinesis ( Ueda, 1997). Images of putatively dividing can be O-glycosylated in plants. This suggests that the Golgi stacks have been reported by Craig and Staehelin plant GA contains specific sets of corresponding enzymes (1988). In onion root meristems, it has been reported (Driouich and Staehelin, 1997) . that the number of Golgi stacks increases approximately twice during mitosis, mainly between prophase and anaLocation of GA enzymes phase, and that this process appears to be controlled by the same mechanisms which control the onset of mitosis As stated above, the current views on location of the but not of cytokinesis (Garcia-Herdugo et al., 1988) . enzymes in plant GA are based mainly on indirect evidMany essential questions about GA replication remain ence obtained using antibodies against their substrates unanswered. What is the membrane material used to and products . In some cases, location restore the normal size of a stack after its division? Does may be cell-type specific. A 'classic' example is location it divide longitudinally or transversely and what does of polygalacturonic acid/rhamnogalacturonan I in the cisdetermine the exact site of scission? What are the molecuor medial-Golgi cisternae of cortical root tip cells (Moore lar mechanisms of the division itself and of its regulation? et al., 1991), but mostly in trans-Golgi cisternae and the Is the machinery of GA division in the plant cell similar trans-Golgi network in slime secreting root cap cells to that involved in the disassembly/reassembly of the (Lynch and Staehelin, 1992) . animal GA?
The principal questions to be answered in order to Perhaps it is also pertinent to suggest that the possibility understand Golgi enzyme location are (i) which signals of de novo formation of Golgi from ER membranes determine their position within the stack, and (ii) what should also be considered as a mechanism for increasing are the mechanisms preventing their mislocalization and their leakage with the products. stack number.
There is no significant sequence homology between enzyme in a particular cisternum does not necessarily mean that it is functional in this location, as appropriate various glycosidases and glycosyltransferases which might serve for recognition by a specific receptor; this makes substrates or donors may be lacking. Their concentrations are under the control of another group of Golgi prohomology-based searches for their plant counterparts difficult. However, the overall molecular organization of teins-nucleotide substrate transporters. these enzymes is similar: they consist of an amino terminal cytoplasmic tail, a signal anchor transmembrane domain, Transporters a stem region and a large lumenal hydrophilic catalytic
The reactions carried out by the enzymes of the GA domain (Colley, 1997) .
lumen consume nucleotide sugars which have to be transFor mammalian cells two major hypotheses have been located from the cytoplasm by specific transporters. At forwarded to explain the nature of the localization signals least in some cases, concentrations of the substrates are of these enzymes: a bilayer thickness model and an rate-limiting for respective reactions and, therefore, the oligomerization/kin recognition model. transporters are probably able to regulate protein and The bilayer thickness model postulates that location of lipid modifications in the Golgi lumen (Abeijon et al., a particular protein depends on the length of its trans-1997). Transporters of the nucleotide substrates are membrane domain, which determines its retention in integral membrane proteins and function as antiporters membranes of optimal width. Two lines of evidence with the corresponding nucleoside monophosphates. support this hypothesis (Bretscher and Munro, 1993;  Very little information is available about their Masibay et al., 1993): firstly, glycosyltransferase transcompartmentalization. membrane domains are often sufficient for Golgi retenWhile numerous mammalian nucleotide substrate tion, and increasing their length leads to location in the transporters are known, only recently have the first plant more trans cisternae and eventually in the plasma transporters been identified (Muñ oz et al., 1996) . Also membrane; secondly, cis to trans thickening of Golgi the topography and function of Golgi uridine-5∞-membranes has been demonstrated (Grove et al., 1968) .
diphosphatase, participating in metabolism of nucleotide The latter is probably due to the increase in cholesterol sugars, from pea stems have been reported (Orellana content from the ER membranes through the Golgi et al., 1997). Nucleotide diphosphate sugars imported cisternae to the plasma membrane (Bretscher and Munro, into the Golgi are used by glycosyltransferases to transfer 1993), as increasing cholesterol content is known to sugars on to glycoproteins, producing nucleosideincrease the width of the membrane (Nezil and Bloom, diphosphates, which are glycosyltransferase inhibitors. 1992).
They are cleaved by nucleoside diphosphatases, and nucleThe oligomerization/kin recognition model of Golgi oside monophosphates serve as substrates for antiporters retention (Machamer, 1991; Nilsson et al., 1994) proposes to import nucleotide diphosphate sugars (Hirschberg, that the Golgi proteins can form insoluble homo-or 1997). hetero-oligomers which are unable to partition into transport vesicles destined for later compartments. The
What are the mechanisms of transport through the stack? experimental data (mostly indirect, obtained using immunoprecipitation, ER co-retention, insolubility assays) in Two principal models have been developed to explain the organization and function of the Golgi stack. According favour of oligomerization of Golgi enzymes are discussed by Colley (1997) . In addition, interaction of the Golgi to the 'vesicle shuttle model' (initially proposed by Farquhar and Palade (1981) as a 'stationary cisternal enzymes with cytoskeletal proteins on the cytoplasmic face may play a role in their retention (Barr and Warren, model'), each individual cisternum fulfils a particular set of processing reactions and possesses its own set of the 1996; Colley, 1997, and references therein).
The reality of Golgi organization seems not to be enzymes. The transport of products between cisternae and retrieval of 'escaped' enzymes are mediated by vesicles adequately described by either of these models alone. The contribution of different mechanisms is likely to vary (COPI for the retrograde and, possibly, also anterograde transport) or, according to a variation of this model (a depending on a particular protein and a particular cell type, and the features which are sufficient for correct 'tubular intercisternal model') by fusogenic tubes, whose buds are stabilized by COP coats. The 'vesicle shuttle Golgi protein localization in one tissue may be insufficient in another. This may be accounted for by variability of model' has received experimental support from the studies by Rothman and coworkers (Balch et al., 1984 ; Rothman the Golgi membrane characteristics (such as lipid composition of membranes, cisternal pH and ion concentraand Wieland, 1996) . The model of 'cisternal progression' or 'cisternal tion, associated skeletal proteins) in different cell types. However, the precise data on these parameters are maturation' was initially proposed by Grassé (1957) as a 'directed maturation model' and further developed by currently very limited.
It should be noted that the presence of a particular Morré et al. (1979) . This model (recently reviewed by Bannykh and Balch, 1997) suggests that whole cisternae Sternweis (1997) . Phosphatidylinositol (x)-phosphate produced by phosphatidylinositol kinases activates with their contents move as units from the cis to the trans face through the stack. The trans-cisternum vesiculates, ARNO (the nucleotide exchange protein for ARF ), which catalyses the exchange of GDP for GTP on ARF. GTPand a new cisternum is assembled at the cis-face from the ER-derived vesicles and COPI vesicles which recycle the bound (i.e. activated ) form of ARF then activates phospholipase D, which converts phosphatidylcholine to enzymes from the vesiculated trans-cisternum. One of the major arguments in support of this view comes from phosphatidic acid. Elevated local concentration of phosphatidic acid promotes membrane binding of COPI coat biogenesis of algal scales initially described by Brown components, which include a stoichiometric set of other- (1969) .
wise cytoplasmic proteins (a-, b-, b∞-, c-, d-and f-COP). Both models encounter certain difficulties in explaining Presumptive plant homologues of the COPI components all the existing data. The experimental evidence accumuhave been detected in EST database (Andreeva et al., lated in favour of each of these models has been analysed 1998) and certainly non-clathrin coated vesicles can be in the recent reviews (Schnepf, 1993; seen associated with the margins of cisternal stacks Jeunemaitre, 1996; Bannykh and Balch, 1997; Schekman in many electron micrographs (Hawes and Satiatand Mellman, 1997; Farquhar and Hauri, 1997) . It is . Intra-Golgi transport appears to be difficult to date to provide direct and definitive proof in regulated by a small GTP-binding protein rab 6 (Martinez favour of any of these models, and it is possible that both et al. , 1994) and possibly by rab1 (Nuoffer et al., 1994) , mechanisms are not mutually excluding and may take or by YPT31/32 in yeast (Lazar et al., 1997) . In plants, place under certain conditions. rab 6 and numerous isoforms of rab 1 and ARF have Essential assumptions of the 'cisternal maturation' as been identified (see, for example, Regad et al., 1993; opposed to the 'vesicle shuttle' model concerning distribuBednarek et al., 1994; Borg et al., 1997) . tion of the Golgi enzymes are the presence in each Lipid regulators of vesicular transport (phoshoinositcisternum of all processing enzymes or of only a specific ides, diacylglycerol ) may integrate signals from many subset of them, respectively. Both assumptions contradict other pathways of signal transduction where they are the experimental data which suggest that the enzymes are involved (Drøbak, 1993; Martin, 1997) . In this context, not evenly distributed nor localized strictly to the specific of interest is the evidence for lipid activation of the cisternae, but rather form concentration gradients within exchange factors for Rac/Rho, small GTPases which can the stack Golgi apparatus and lipids occurs from each cisternum, is characterized by limited carrying capacity of the COPI vesicles and by different
The GA is able to synthesize lipids. For example, ubiquiaffinity of various Golgi enzymes for the receptor in COPI none and plastoquinone are synthesized in the Golgi vesicles. This would result in preferential packaging and membranes of spinach leaves and then transported to the recycling of those enzymes which exhibit the highest mitochondria and chloropasts, respectively (Swiezewska affinities for the receptor; they would therefore be concenet al., 1993; Osowska-Rogers et al., 1994) . The mechanism trated in the cis-cisternae. The trans-Golgi enzymes are of transport (apparently directed exclusively to the mitopostulated to be the weakest competitors. Computer chondria or the chloroplasts) remains unknown. Lipid simulation shows that repeated cycles of cisternal progresrecognition may involve a signal associated with the sion/maturation lead to distribution of the enzymes to lipid itself, carrier protein specificity and/or specific lipid cis-, medial-or trans-Golgi according to their packaging receptors in the target membranes. efficiencies.
Involvement of GA in the intracellular transport of lipids in plant cells has not been studied in much detail COPI vesicles (Moreau and Cassagne, 1994) . Transport of very long fatty acids has been suggested to occur via the GA, while All models of Golgi function agree that COPI vesicles long chain fatty acids may be transported by lipid transfer (but not COPII vesicles which are out of the scope of proteins in plant cells (Bertho et al., 1991 Hawes CR. 1998. to the GA (Sulli and Schwartzbach, 1995, 1996, and  pose different solutions to the questions.
